Louis Néel pointed out in his Nobel lecture that while abundant and interesting from a theoretical viewpoint, antiferromagnets did not seem to have any applications. Indeed, the alternating directions of magnetic moments on individual atoms and the resulting zero net magnetization make antiferromagnets hard to control by tools common in ferromagnets. Remarkably, Néel in his lecture provides the key which, as we show here, allows us to control antiferromagnets by electrical means analogous to those which paved the way to the development of ferromagnetic spintronics applications. The key noted by Néel is the equivalence of antiferromagnets and ferromagnets for effects that are an even function of the magnetic moment. Based on even-in-moment relativistic transport phenomena, we demonstrate room-temperature electrical switching 1 arXiv:1503.03765v1 [cond-mat.mes-hall]
between two stable configurations combined with electrical read-out in antiferromagnetic CuMnAs thin film devices. Our magnetic memory is insensitive to and produces no magnetic field perturbations which illustrates the unique merits of antiferromagnets for spintronics.
Information technology devices are either charge-based or spin-based. Among the weaknesses of charge-based devices is that perturbations such as ionizing radiation can lead to uncontrolled charge redistributions and, as a consequence, to data loss. All commercial spin-based devices rely on one principle in which the opposite magnetic moment orientations in a ferromagnet (FM) represent the zeros and ones (1) . This technology is behind memory applications ranging from kilobyte magnetic stripe cards to megabyte magnetoresistive random access memories (MRAMs) and terabyte computer hard disks. Since based on spin, the devices are robust against charge perturbations. Moreover, they are non-volatile and, compared to the charge flash memory, MRAM offers short read/write times suitable for the main random-access computer memories. However, the FM moments can be unintentionally reoriented and the data erased by disturbing magnetic fields generated externally or internally within the memory circuitry. The vision behind our work involves information technologies based on antiferromagnets (AFMs) that are robust against charge and magnetic field perturbations, and which utilize other advantages of AFMs compared to FMs including the ultrafast magnetic dynamics and the broad range of metal, semiconductor, or insulator materials with room-temperature AFM order (2-7).
Several roots from micro-device, relativistic quantum physics, and materials research had to meet to provide us with the means to experimentally demonstrate the concept of a roomtemperature AFM memory with electrical writing and reading. In FMs the bistability, i.e., the energy barrier separating two stable directions of ordered spins is due to the magnetic anisotropy energy. It is an even function of the magnetic moment which, following Néel's general principle noted in his Nobel lecture (8) , implies that magnetic anisotropy is readily present also 2 in AFMs (9) . Bistability can be realized in classes of AFMs which possess biaxial magnetic anisotropy.
The magneto-transport counterpart of magnetic anisotropy is anisotropic magnetoresistance (AMR). In the early 1990's, the first generation of FM MRAM micro-devices used AMR for the electrical read-out of the memory state (10) . AMR is an even function of the magnetic moment which, following again Néel's principle, implies its presence in AFMs (11) . While AMR in AFMs was experimentally confirmed in several recent studies (12) (13) (14) , efficient means for manipulating the AFM moments have remained elusive. External magnetic field, whose coupling is linear in the magnetic moment, favors parallel alignment of the moments, i.e., acts against the staggered exchange field in the AFM. On the other hand, current-induced even magnetic torques of the form dM/dt ∼ M × (M × p), which are used for electrical writing in the most advanced FM spin-transfer-torque MRAMs (1), have been proposed to allow for a large angle reorientation of the AFM moments (15) . Here M is the magnetic moment vector and p is the electrically injected carrier spin-polarization. Translated to AFMs, the effective field proportional to (M A,B × p) which drives the torque dM A,B /dt ∼ M A,B × (M A,B × p) on individual spin sublattices A and B is staggered, i.e., alternates in sign between the opposite spin sublattices. The staggered property of the field is the key for its strong coupling to the Néel order.
In FM spin-transfer-torque MRAMs, spin polarized carriers are injected into the free FM layer from a fixed FM polarizer by an out-of-plane electrical current driven through the FM-FM stack. Reversible 180
• switching is achieved by reversing the polarity of the out-of-plane current. In analogy with FM spin-transfer-torque MRAMs, the above theory proposed for AFMs (15) assumes injection of the spin polarized carriers into the AFM from a fixed FM polarizer by out-of-plane electrical current driven in a FM-AFM stack. Unlike the FM-FM stack, the effect of the spin current injected from a FM to an AFM is independent of the current 3 polarity. The AFM spin-axis can in principle be switched from the parallel to the perpendicular direction with respect to the magnetization of the FM polarizer but cannot be switched back electrically (15) . Another limitation of the stack geometry with out-of-plane spin injection is that the absorption of carrier spins is limited to magnetic film thicknesses of the order of the spin diffusion length which in AFMs is typically on the nanometer scale (16) .
Several of us have predicted (17) that relativistic quantum mechanics may offer staggered current induced fields which do not require external polarizers and act in bare AFM films.
Instead of changing the current polarity, a reversible 90
• switching is facilitated by applying in-plane electrical currents along two orthogonal directions. The effect occurs in AFMs with specific crystal and magnetic structures for which the spin sublattices form space-inversion partners. Among these materials is a high Néel temperature AFM, tetragonal-phase CuMnAs, which we have recently synthesized in the form of single-crystal epilayers structurally compatible with common semiconductors, such as Si or GaP (18) . Relativistic current-induced fields strongly coupled to the Néel order, combined with AFM CuMnAs epilayers and micro-device AMR, are the key elements that led to our demonstration of the electrical switching in an AFM memory resistor which we now describe in more detail.
We first outline the basic theoretical considerations behind our experiments. Relativistic current-induced fields observed previously in broken inversion-symmetry FM crystals (19) (20) (21) (22) (23) (24) (25) (26) (27) can originate from the inverse spin galvanic effect (28-32) which is illustrated in Fig.1 A. For illustrative purposes we consider here that the spin-orbit term in the Hamiltonian of the system, which originates from broken inversion symmetry in the crystal, has a two-dimensional Rashba form with carrier spins aligned in the direction perpendicular to the momentum. The applied electrical current induces an asymmetric non-equilibrium distribution function of carrier states and, as a result, a non-zero carrier spin-polarization p aligns perpendicular to the applied current. In FMs, the non-equilibrium carrier spin density acts on magnetic moments as an effective To quantitatively estimate the strength of the staggered current induced field we performed microscopic calculations based on the Kubo linear response formalism. The electronic structure of CuMnAs was obtained by the Jülich density functional theory code FLEUR which is an implementation of the full-potential linearized augmented plane-wave method (33) . In Fig. 1D we plot the resulting components of the in-plane current induced field transverse to the magnetic moments at spin-sublattices A and B as a function of the in-plane magnetic moment angle 5 ϕ measured from the x-axis ([100] crystal direction). The electrical current of 10 7 Acm −2 is applied along the x-axis or the y-axis. The calculations confirm the desired opposite sign of the current induced field on the two spin-sublattices. They also highlight the expected dependence on the magnetic moment angle which implies that the AFM moments will tend to align perpendicular to the applied current. For reversible electrical switching between two stable states, the setting current pulses can therefore be applied along two orthogonal in-plane cubic axes of CuMnAs. We also emphasize that the amplitude of the effect seen in Fig. 1D is comparable to typical current induced fields applied in FMs, suggesting that CuMnAs is a favorable material for observing the effect in an AFM.
For our experiments we prepared an epitaxial 46-nm thick film of CuMnAs which is a member of a broad family of high-temperature I-Mn-V AFM compounds (6, 7, 18) . Our tetragonal CuMnAs epilayer, whose transmission electron microscopy image is shown in Fig. 2A , is grown on a lattice-matched GaP(001) substrate and buffer layers and exhibits excellent crystal quality, chemical order and compatibility with semiconductor growth and microfabrication technologies (18) . Neutron diffraction confirmed collinear AFM order with a Néel temperature
The device geometry which allows us to electrically switch and to electrically monitor the AFM states is shown in In Fig. 3 
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6 Acm −2 in the device arms. Due to current spreading, the current density in the central region of this device is around 35-50% smaller than in the arms. We observe no effect of the applied setting current below a threshold of ∼ 6×10 6 Acm −2 , above which the switching signal starts to increase with the current amplitude.
From the series of electrical measurements discussed above we conclude that the electrical writing and reading of our CuMnAs AFM memory is robust, reproducible, and requires comparable current excitations to FM devices. In Figs. 4C,D we illustrate the unique characteristics of the AFM memory. Fig. 4C compares the behavior of the 28 µm device at zero external magnetic field and at the largest field of 4.4 kOe available in our measurement system.
The delay between the 50 µs 110 mA pulses (current density 8 × 10 6 Acm −2 ) and the probe in these measurements is 30 minutes and the time gap between cycling the memory device without and with magnetic field is 24 hours. The magnetic field was applied in-plane and during both pulsing and probing the AFM memory. We do not observe any change in the behavior of our magnetic memory without and with the applied magnetic field. Indeed our CuMnAs is a fully compensated AFM which is insensitive to magnetic field perturbations and generates negligible stray magnetic fields. This is confirmed by the SQUID magnetization measurements in Fig. 4D showing only the diamagnetic background of the sample substrate. These characteristics make 8 the AFM memory fundamentally distinct from FM devices.
To conclude, reorienting AFMs with an efficiency comparable to FMs requires a field compatible with the Néel magnetic order. Generating external magnetic fields with a sign alternating on the scale of a lattice constant at which moments alternate in AFMs has been considered unfeasible, hindering the applications of these abundant magnetic materials. We have succeeded in generating electrically such an alternating field and utilized its strong coupling to the Néel order for switching the CuMnAs AFM between two configurations which are stable at ambient conditions and robust against magnetic field perturbations. The staggered field is generated electrically with comparable efficiency and by relativistic physics analogous to that which has driven recent major advancements in the FM spintronics research.
The staggered current induced fields we observe are not unique to CuMnAs. (17) . The same symmetry torque can be also generated by the spin-orbit Berry-curvature mechanism acting at the inversion-asymmetric AFM/NM interface (17) . The in-plane current geometry allows for applying the setting currents again along different axes to realize reversible electrical switching.
Our experiments in CuMnAs combined with the prospect of other realizations of these relativistic non-equilibrium phenomena in AFMs brings us to the conclusion that AFMs are now ready to join the rapidly developing fields of basic and applied spintronics and to enrich this area of solid state physics and microelectronics by the range of unique characteristics of AFMs.
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